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ABSTRACT The proton resonances of periments in mixtures of ferro- and Tyr-67 OH. In addition, several recently
the heme, the axial ligands, and other ferricytochrome c were optimized for reported assignments were confirmed.
hyperfine-shifted resonances in the 'H the cross assignment of corresponding All of the resolved hyperfine-shifted
nuclear magnetic resonance spectrum resonances in the two oxidation states. resonances in the spectrum of ferricy-
of horse ferricytochrome c have been New resonance assignments were tochrome c are now identified. The
investigated by means of one- and obtained for the methine protons of Fermi contact shifts experienced by the
two-dimensional nuclear Overhauser both thioether bridges, the : and y heme and ligand protons are dis-
and magnetization transfer methods. meso protons, the propionate six heme cussed.
Conditions for saturation transfer ex- substituent, the NTH of His-18, and the
INTRODUCTION
Since the early days of biological nuclear magnetic reso-
nance (NMR), the c-type cytochromes have been among
the most extensively studied proteins. Their small size and
favorable solution properties make this class of proteins
ideally suited for detailed 'H NMR investigations. The
presence of the paramagnetic heme in ferricytochrome c
with its anisotropic g-tensor gives rise to large paramag-
netic shifts for protons on or near the heme. Early work
(1-3) focused on these resolved hyperfine-shifted reso-
nances of the ferric form in order to obtain information
about the electronic structure of the heme and its protein
environment. Firm resonance assignments for heme and
ligand protons were first obtained in the diamagnetic
ferrous form of horse cytochrome c (4, 5), based on the
nuclear Overhauser effect (NOE). By use of saturation
transfer methods (3), some of these resonances were
correlated with the corresponding resonances in the ferric
form (4). Subsequent work resulted in extensive heme
and side-chain resonance assignments in horse and tuna
cytochrome c (6-10).
More recently, nearly complete assignments for the
main chain proton resonances of horse cytochrome c in
both oxidation states were obtained by two-dimensional
NMR methods (11-14). The hyperfine-shifted reso-
nances in the oxidized state are, however, not readily
accessible to two-dimensional NMR study due to their
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extreme chemical shifts and short transverse relaxation
times. At this stage, only a small number of protons
remain unassigned, but these include some hyperfine-
shifted protons resonating in crowded regions of the
spectrum that are particularly difficult to find. In order to
identify some of these elusive protons, we applied one- and
two-dimensional NOE and magnetization transfer tech-
niques in H20 and D20 solution. Experimental conditions
were optimized for the observation of secondary nuclear
Overhauser effects in the reduced form, following satura-
tion transfer from the oxidized to the reduced form.
Together with the recently reported assignments by San-
tos and Turner (10), the results provide a firm basis for
further structural and functional studies of c-type cyto-
chromes. For example, the contact-shifted heme and
ligand protons represent sensitive probes of the electronic
structure of the heme.
MATERIALS AND METHODS
Sample preparation
Horse heart cytochrome c (type VI; Sigma Chemical Co., St. Louis,
MO) was used without further purification. Dithionite or ferricyanide
was added in minimal amounts to prepare reduced or oxidized cyto-
chrome c, respectively, and was removed by passing the solutions
through Sephadex G-25 fine columns equilibrated with H20 or D20
solutions containing 150 mM sodium chloride and 100 mM sodium
phosphate, pH or pD 5.7 (uncorrected reading at 250C). Partially
oxidized samples for magnetization transfer experiments were prepared
by mixing appropriate amounts of fully reduced and fully oxidized
cytochrome c solutions. The fraction of oxidized cytochrome c was
10-20% for one-dimensional saturation transfer experiments and 50%
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for two-dimensional magnetization transfer experiments. The solutions
were deoxygenated with argon gas in the NMR tube, and tight rubber
stoppers were used to seal the tube. The ratio of reduced to oxidized
cytochrome c was found to remain stable over a period of several days.
Final cytochrome c concentrations were 10 mM.
NMR spectroscopy
All 'H NMR spectra were recorded at 20°C on a 500-MHz spectrome-
ter (model AM-500; Bruker Instruments, Inc., Billerica, MA). One-
dimensional saturation transfer and NOE spectra of samples in D20
buffer were recorded by selective saturation of the resonance of interest
for time periods of 50-500 ms before the 900 observe pulse. For each
irradiation frequency, 80-1,600 transients were acquired, cycling
through several on-resonance frequencies and one off-resonance fre-
quency in blocks of 8 or 16 transients. Difference spectra were obtained
by subtracting the free induction decays before Fourier transformation.
For samples in 90% H20/10% D20 buffer, the solvent signal was
suppressed by replacing the observe pulse by a 1-1 (jump-and-return)
pulse sequence (15). Two-dimensional NMR spectra were recorded as
described previously ( 14, 16).
RESULTS AND DISCUSSION
Saturation transfer and
secondary NOE
Cytochrome c in a mixture of oxidized and reduced forms
is known to interconvert between the two oxidation states
via electron transfer (3). Under suitable conditions, this
redox exchange reaction is sufficiently rapid for satura-
tion transfer experiments. When a resonance in one
oxidation state is selectively saturated, the combination of
cross relaxation and chemical exchange gives rise to three
types of effects: (a) direct NOEs to neighboring protons
in the same oxidation state; (b) transfer of saturation via
electron exchange to the corresponding resonance in the
other oxidation state; (c) secondary NOEs in the other
oxidation state induced by the transferred magnetization
(10). Since a molecule the size of cytochrome c gives rise
to negative NOEs, all three effects have the same sign in a
difference spectrum. If chemical exchange is fast com-
pared with cross relaxation, the electron transfer effect
dominates a difference spectrum at short irradiation
times. The electron exchange rate in partially oxidized
cytochrome c can be varied over a significant range by
changing the ionic strength (17, 18). At the salt concen-
tration chosen for this work (0.25 M), the redox exchange
rate exceeds typical cross relaxation rates without causing
significant exchange broadening.
Direct and secondary NOEs can in principle be distin-
guished by comparison with NOE difference spectra
recorded on fully reduced and fully oxidized samples, or
by measuring the NOE build-up curve, based on the fact
that the initial rate of the secondary effect is zero.
However, the former method cannot be applied in
crowded regions of the spectrum, and the latter requires
very accurate measurements at short irradiation times.
As a practical approach to distinguishing the two effects,
we chose to vary the equilibrium ratio of reduced and
oxidized cytochrome c. Simple model calculations of the
saturation transfer effect as a function of the redox
equilibrium constant indicate that the transfer of satura-
tion from the oxidized to the reduced form is most
efficient when the fraction of the reduced form is -90%.
At such a biased ratio, secondary NOEs can be readily
measured while NOEs in the oxidized form contribute
little to the difference spectrum. This situation is in
contrast to two-dimensional chemical exchange spectros-
copy which is optimal at equal concentrations of the
exchanging species.
The experimental data shown in Fig. I confirm the
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FIGURE I Time dependence of saturation transfer, direct NOE and
secondary NOE in mixtures of reduced and oxidized cytochrome c for
two samples containing 11% (A) and 48% (B) oxidized protein,
respectively. In both cases, the heme ring-3 methyl resonance in the
oxidized form was selectively saturated for variable time periods. The
normalized intensity change, (M
-M)/MO, is plotted as a function of
the saturation time for the ring-3 methyl resonance in the reduced form
(0, saturation transfer), for the bridge-4 methyl resonance in the
oxidized form (-, direct NOE) and for the bridge-4 methyl resonance in
the reduced form (-, secondary NOE). The curves represent least-
squares exponential fits to the data.
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calculations. When the fraction of reduced cytochrome c
is increased from 52% (Fig. I B) to 89% (Fig. I A), the
steady-state intensity of the electron transfer effect
increases from -40% to -70%, and that of the secondary
NOE increases from <10% to 20%, exceeding the inten-
sity of the direct NOE effect by a factor of three. A
similar pattern can be observed under pre-steady state
conditions. The initial saturation transfer rate, which
represents the sum of the longitudinal relaxation rate and
the rate of oxidation (I19), is about an order of magnitude
faster than the cross-relaxation rate. Using an indepen-
dent measurement of the T, relaxation time (unpublished
results), we find a second-order electron transfer rate of
-100 M-'s-', which is somewhat higher than the rate
reported by Gupta et al. (17), probably due to differences
in sample conditions.
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When this work was initiated, only a limited number of
assignments were known in oxidized cytochrome c while a
much larger number of assignments were available for the
reduced protein (1 1, 12, 20). Secondary NOEs proved to
be valuable for the assignment of resonances in oxidized
cytochrome c in situations where conventional saturation
transfer experiments were inconclusive; when the corre-
sponding resonance in the reduced form is poorly
resolved, the ambiguity can often be resolved by consider-
ing the pattern of secondary NOEs to previously assigned
resonances in the reduced form. Another advantage lies in
the ability to observe cross-relaxation in the diamagnetic
reduced form where NOEs are generally stronger than in
the paramagnetic oxidized form. This situation is analo-
gous to the transferred NOE method used for the struc-
tural analysis of ligand-protein complexes (21).
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FIGURE 2 (A) H NNMR spectrum of horse ferricytochrome c in D20 100 mM phosphate, 150 mM NaCI, pD 5.7, recorded at 200C. (B) Downfield
region of a spectrum recorded under the same conditions on a sample in 90% H20/ 10% D20 solutions, indicating several hyperfine-shifted resonances
of exchangeable protons. (C) Expanded plot of the region between -0.5 ppm and -3.5 ppm in spectrum A. The abbreviations used for the heme
substituents are R-, B-, and P- for the ring methyls, thioether bridges, and propionates, respectively. The structure of the heme and selected sidechains,
drawn according to the x-ray coordinates (23), is shown on top.
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Assignment of hyperfine-shifted
resonances
The 'H NMR spectrum of horse ferricytochrome c in
D20 at 200C is shown in Fig. 2, along with an expanded
trace of the low-field region recorded in H20. The nota-
tion used is indicated in a diagram of the heme and
surrounding side chains. The chemical shifts for assigned
hyperfine-shifted resonances are listed in Table 1, includ-
ing previously reported assignments that were confirmed
in this work.
The use of secondary NOEs as an assignment tool is
illustrated in trace A of Fig. 3. Selective saturation of the
resonance at 12.85 ppm in D20 solution results in an
exchange effect at -0.20 ppm, which coincides with the
chemical shift of Met-80 C,H in the reduced form (22),
and secondary NOEs to all other resonances associated
with the Met-80 spin system of the reduced protein
(2, 11, 22). The pair of lines at 12.85 ppm and -0.2 ppm
in the oxidized and reduced form, respectively, are thus
TABLE 1 Resonance assignments for heme and ligand
protons in horse cytochrome c at
pH 5.7 and 200C
Assignment Oxidized Reduced
Heme
Meso-f -0.78 9.60 (4)
Meso--y 8.02 9.63 (4)
Ring-I CH3 6.8 (4) 3.52 (4)
Ring-3 CH3 33.1 (4) 3.85 (4)
Ring-S CH3 9.7 (4) 3.61 (4)
Ring-8 CH3 35.9 (4) 2.18 (4)
Bridge-2 CH -1.28 5.23 (4)
CH3 -2.55 (4) 1.49 (4)
Bridge-4 CH 2.18 6.36 (4)
CH3 3.15 (4) 2.61 (4)
Propionate-6 CQ,H -1.47 4.19
1.76
C1H2 2.77
1.17
Propionate-7 Ca,H2 19.37 (9, 23) 3.64 (10)
11.52(9,23) 4.17(10)
C1H2 1.62 (10)
-0.38 (10)
His-18 C6H2 9.00 (9, 23) 0.79 (13)
14.82 (9, 23) 1.08 (10, 13)
C2H -25.60 (10) 0.52 (6, 11)
CSH 24.90(10) 0.13 (6, 11)
N7rH 12.85 9.65 (12)
Met-80 C3H 12.85 (10) -0.20 (22)
C,H -28.5 (3) -3.75 (2)
C,H3 -24.7 (1) -3.28 (2)
Tyr-67 OH 15.80 3.11
Chemical shifts (ppm) are referenced to TSP (3-trimethylsilyl-[2,2,3,3-
2H] propionic acid), in D20 or 90% H20/10% D20 with 0.1 M NaPO4
and 0.1 5 M NaCl. References for previously assigned resonances are
indicated in parentheses.
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FIGURES 3 Saturation transfer difference spectra recorded on partially
oxidized cytochrome c (same conditions as in Fig. 2). The following
resonances (indicated by arrows) were irradiated: (A) Met-80 COH
(irradiation time 400 ms); (B) His-18 N,,H (200 ms); (C) propionate-6
(P-6) Ca,H (50 ms); (D) Tyr-67 OH (270 ms). Traces B and D were
recorded in 120 solution, using a (1,1) pulse sequence (reference 1 5) for
solvent suppression which results in a phase inversion at the carrier
frequency. All other spectra were recorded in D20 solution without
solvent suppression. Resonance assignments in the reduced form (11)
and the oxidized form (111) are indicated for the major effects in the
difference spectra (see Fig. 2 for nomenclature). Artifacts at the H20
frequency were in some cases removed by digital manipulation of a few
data points.
unambiguously assigned to one of the Met-80 C#H, in
agreement with the result of Santos and Turner (10).
However, we were not able to confirm their assignment
for the other d proton of Met-80 (3.0 ppm at 300C).
Irradiation at 12.85 ppm in fully oxidized cytochrome c
results in a single NOE at 3.54 ppm. This shift coincides
with the methyl group of Thr-78 (8, 14) which is within
NOE distance of the Met-80 COH2 (23). This leaves one
of the Met-80 d protons still unassigned, possibly because
it relaxes too fast to give rise to an observable NOE.
Comparing the spectra of oxidized cytochrome c
recorded in H20 and in D20 (Fig. 2, A and B), it is
apparent that a labile proton also resonates at 12.85 ppm.
The two resonances are degenerate at 200C, but are
resolved at other temperatures; e.g., at I 0OC the labile
proton resonance appears at 13.04 ppm while the nonla-
bile one moves to 13.71 ppm. For the assignment of the
labile proton we performed a saturation transfer experi-
ment in H20 solution using a 1-1 observation pulse for the
suppression of the water signal (Fig. 3 B). The major
difference compared with the corresponding experiment
in D20 (Fig. 3 A) is a prominent exchange peak at 9.65
ppm. The only exchangeable proton resonance at this
position in the reduced spectrum that remains unassigned
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in the oxidized form is the ring N,rH of His-18 (13). The
labile proton resonance at 1 2.85 ppm is thus assigned to
His- 1 8 NWH in the ferric form.
The histidine ring NH is involved in a crystallographi-
cally defined hydrogen bond with the carbonyl oxygen of
Pro-30 (24). This interaction appears to be important for
positioning the axial histidine ligand and is expected to
affect the exchange behavior of the ring proton. The
His- 1 8 NTH thus represents an interesting dynamic probe
for investigating structural fluctuations in the vicinity of
the histidine ligand.
Fig. 2 B exhibits a second unassigned resonance from
an exchangeable proton in an extreme downfield position
( 15.80 ppm). Saturation of this line in a partially oxidized
sample (Fig. 3 D) shows a clear chemical exchange effect
at 3.10 ppm and secondary NOEs to the resolved Met-80
C,,H and CEH3 lines ( -2.61 ppm and -3.28 ppm).
Inspection of the crystal structure shows that the only
exchangeable proton within a 6-A radius of the Met-80
methyl is the OH of Tyr-67 (see Fig. 2). Hydroxyl protons
are rarely observed due to their rapid exchange rate, but
in this case the exchange rate is reduced by the fact that
the hydroxyl proton is hydrogen bonded to the Met-80
sulfur (24). This assignment relies primarily on secondary
NOEs in the reduced form, since the width of the Met-80
resonances in the paramagnetic state makes it difficult to
observe NOEs directly in the oxidized form.
Previous assignments for the heme propionate-7 substi-
tuent in both oxidation states (9, 10, 25) were confirmed
by a series of NOE and saturation transfer experiments.
The other propionate sidechain, propionate-6, does not
give rise to resolved resonances, and it was necessary to
employ two-dimensional NMR methods. The cross sec-
tion shown in Fig. 4 A, taken from a two-dimensional
NOE Spectroscopy (NOESY) spectrum on ferricyto-
chrome c, indicates that the proton resonating at -1.47
ppm is spatially close to the heme ring-5 methyl group.
Inspection of the crystal structure (23, 24) reveals that
propionate-6 is the only possible candidate. The other
protons on the propionate-6 side chain were assigned on
the basis of the relative NOE intensities (Fig. 4 A) and
the coupling pattern in the two-dimensional J-correlated
spectrum (Fig. 5). The Ca proton resonance at -1.47
ppm was shown by saturation transfer to be associated
with a resonance at 4.19 ppm in the spectrum of the
reduced protein (Fig. 3 C).
An earlier assignment for the thioether bridge-2
methyl group at -2.55 ppm in the ferric state (3, 4) was
extended to the methine proton (- 1.28 ppm) on the basis
of the phase-sensitive double-quantum filtered COSY
(DQF-COSY) spectrumn shown in Fig. 4 and by a chemi-
cal exchange correlation (not shown) between -1 .28 ppm
and the known methine chemical shift in the reduced
form (5.23 ppm). Since the bridge-4 CH is unresolved in
FIGURE 4 Cross sections of a NOESY spectrum of ferricytochrome c
recorded in D20 buffer, taken along the W2 axis at the frequencies of the
propionate-6 Ca,H (- 1.47 ppm) (A) and the meso-f (M - ,) proton
(-0.78 ppm) (B). The diagonal peaks are indicated with arrows. The
peak marked with an asterisk results from the partial overlap of meso-f
with lle-57 C5H3.
both oxidation states, its assignment in the oxidized form
(2.18 ppm) relied on relayed exchange effects in a two-
dimensional total correlation spectroscopy (TOCSY)
experiment on partially oxidized cytochrome c (16). Fig.
FIGURE 5 Expanded contour plot of a phase sensitive two-dimensional
J-correlated spectrum (DQF-COSY) of ferricytochrome c. The heme
bridge-2 CH-CH3 cross peak (B-2) and partial spin systems for propion-
ate-6 (P-6) and propionate-7 (P-7) are indicated.
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FIGURE 6 (A) Expanded section of a TOCSY spectrum of a partially
oxidized cytochrome c sample containing cross peaks assigned to
thioether bridge-4. Chemical exchange and J-coupling cross peaks are
identified in panels B and C, which show expansions of the same spectral
region for a chemical exchange spectrum (NOESY) recorded on a
partially oxidized sample (B), and a TOCSY spectrum recorded on a
fully reduced sample (C).
6 A shows an expanded region of the TOCSY spectrum
containing three cross peaks associated with the bridge-4
methine resonance in the reduced state (6.36 ppm). The
cross peak at 2.18 ppm is identified by the two-
dimensional chemical exchange spectrum shown in Fig.
6 B as the exchange correlation between the methine
resonances in the two oxidation states. The J-correlated
spectrum shown in Fig. 6 C shows that the cross peak at
2.61 ppm is due to J-coupling between the methine and
methyl protons in the reduced form. The third cross peak
(w1 = 3.15 ppm) in the TOCSY spectrum is thus the
result of relayed magnetization transfer from the methine
resonance in the reduced form to the methyl resonance in
the oxidized form.
The four heme meso protons have been individually
assigned for reduced cytochrome c (4), but remain to be
identified in the spectrum of oxidized cytochrome c. The
assignment of the meso-4 was straightforward, based on
an unambiguous exchange correlation with the corre-
sponding resonance in the reduced state (9.60 ppm) in the
two-dimensional chemical exchange spectrum. This cor-
relation was further confirmed by a TOCSY experiment
on partially oxidized cytochrome c (c.f. Fig. 6), which
exhibits a positive cross peak in the same position (note
that cross-correlation effects give rise to negative TOCSY
cross peaks). In the oxidized form, this resonance exhibits
several strong NOEs to the heme protons adjacent to the
meso-f (bridge-4 and ring-5) and to a nearby methyl
group (Thr-28) as shown in Fig. 5 B. For the meso-y
resonance (9.63 ppm in the reduced form), only a rather
weak redox exchange cross peak was found at 8.02 ppm,
which was again confirmed by an unambiguous exchange
effect in the TOCSY experiment. The meso-'y assignment
is further supported by NOEs to propionate-6 (Fig. 5 A)
and propionate-7 CaH2 (not shown).
The C2H and C5H (IUPAC; C4H in the old conven-
tion) of the axial His-18 ligand have only recently been
correctly assigned (10) to two broad lines in extreme
upfield and downfield positions, respectively (Fig. 2).
This surprising result was confirmed by our work (Table
1), based on saturation transfer effects and secondary
NOEs to the newly assigned His-18 N1rH and to Pro-30
C6H2.
In addition to the heme and the axial ligands, large
paramagnetic shifts are also observed for Gly-29 and
Pro-30 which are in the immediate vicinity of the heme
(Fig. 2). Our saturation transfer and NOE results on
these resonances are fully consistent with the recent
report of Santos and Turner (10).
Hyperfine shifts
The resonance assignments summarized in Table 1 pro-
vide a basis for further analysis of paramagnetic shift
mechanisms. The observed chemical shift in ferricyto-
chrome c, 6, can be written as tO0 = ad + pc + i, where ad
is the diamagnetic contribution to chemical shift, bp5
describes the pseudocontact shift due to dipolar interac-
tion with the unpaired electron spin, and bc represents the
scalar Fermi contact interaction. Assuming that the
structure of oxidized cytochrome c is similar to that of the
reduced protein, id can be approximated by the measured
shift in the reduced form, bred (13). The total hyperfine
shift is then 6hf = box -lred. For the limit of short electronic
spin lattice relaxation times, p is given by a well-known
expression (26) which relates the dipolar shift to the
principal g-tensor components and the nuclear coordi-
nates. The contact term reflects the unpaired electron
spin density at the site of a nucleus and is expected to be
significant only for the protons of the heme and its
ligands.
Contact shifts can provide valuable information on the
electronic structure of the heme (27, 28), and have poten-
tial functional implications (4, 29). However, the analysis
of contact shifts is complicated by the problem of separat-
ing the different chemical shift contributions. Williams et
al. (30) analyzed the pseudocontact shifts in tuna ferricy-
tochrome c using assigned methyl resonances (8) to
calibrate the g-tensor components in solution. Recent
calculations on horse cytochrome c (31), using a large set
of assigned C, proton resonances (14) for the refinement
of the g-tensor, will be reported elsewhere (Feng, Y., H.
Roder, and S. W. Englander, submitted for publication).
For many heme and ligand protons the calculated pseudo-
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contact shift makes a significant contribution to the total
hyperfine shift. Due to the proximity of these protons to
the heme iron, their pseudocontact shift is extremely
sensitive to small changes in the proton coordinates and
the g-tensor. In view of these uncertainties, only a qualita-
tive discussion of contact shifts can be given at this stage.
The analysis of the ring methyl shifts in ferricyto-
chrome c (2-4) and other heme proteins (reviewed in
reference 32) has led to the conclusion that the distribu-
tion of the unpaired electron spin over the heme is
strongly asymmetric. The large shift difference between
the two meso protons assigned in this work (Table 1) is
consistent with this asymmetry. The d and -y meso protons
are shifted upfield from the diamagnetic resonance posi-
tion by 10.4 ppm and 1.6 ppm, respectively. The meso--y
shift is similar to shifts reported for the meso protons in
the cyanide complex of Fe(llI) protoporphyrin IX (33).
The contact shift estimated by subtraction of the calcu-
lated bp6 has opposite sign for the two meso protons.
For the methine protons of both thioether bridges, the
theoretical pseudocontact shift matches the experimental
hyperfine shift (Table 1) within I ppm. This indicates
that only a small amount of unpaired electron spin density
is delocalized into the thioether bridges, which confirms
earlier results on the thioether methyl groups (4). The
dipolar shift calculation largely accounts for the hyper-
fine shift of the propionate-6 a proton, but the downfield
shift of the propionate-7 a protons (Table 1) is dominated
by contact interactions. This result is consistent with the
shift pattern observed for the ring methyl protons (4): the
contact contribution is small for the heme substituents of
pyrrole III (ring-5 methyl and propionate-6), while the
substituents of pyrrole IV (ring-8 methyl and propionate-
7) experience large contact shifts. The large shift differ-
ence between the two geminal propionate-7 a protons (>7
ppm) is an illustration of the theoretically expected
dependence of the contact shift on the orientation of the
C-H bond relative to the heme plane (27).
Some of the earliest resonance assignments in ferricy-
tochrome c were obtained for protons of the axial methio-
nine ligand (1-3). The extreme upfield position of the
CAl3 and CzH (Fig. 2) is largely due to contact shifts.
These effects are comparable in magnitude to those
experienced by the ring methyls, but opposite in sign. By
contrast, the hyperfine shift of the Met-80 C#H reso-
nance, 13 ppm downfield from its diamagnetic position
(Table 1), is well predicted by the pseudocontact-shift
calculation. The chemical shift pattern for the other axial
ligand, the His-18 imidazole ring, with hyperfine shifts
(6ox -bred) of -26 ppm, 25 ppm, and 3 ppm for the C2H,
C5H, and NTH, respectively, appears at first rather
puzzling. However, after subtraction of the calculated
dipolar shift (Feng, Y., H. Roder, and S. W. Englander,
submitted for publication), it appears that all the His-18
ring protons experience a negative (upfield) contact con-
tribution. Among the three ring protons, the C2H exhibits
the largest contact contribution, which can be rational-
ized by the fact that the N, C2 bond has more double
bond character than the N1-_C5 bond. For the His-18 d
protons, a relatively small positive contact shift is esti-
mated. Both axial ligands thus show a similar pattern of
contact shifts. The two protons adjacent to the ligand
atoms experience large negative contact shifts, while the
effect is much smaller for protons separated by four or
more bonds from the iron.
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